We present a new empirical prescription for the mass-loss rates of carbon and oxygen sequence WolfRayet stars as a function of their luminosity, surface chemical composition, and initial metallicity. The new prescription is based on results of detailed spectral analyses of WC and WO stars, and improves the often applied Nugis & Lamers (2000) relation. We find that the mass-loss rates of WC and WO stars (with X = 0 and Y 0.98) can be expressed as
INTRODUCTION
Classical Wolf-Rayet (WR) stars are evolved massive stars characterised by their dense, optically thick outflows to which they own their tell-tale emission-line spectra. Driven by radiation pressure (e.g., Vink & de Koter 2005; Gräfener & Hamann 2005) , the winds of these stars require an efficient momentum transfer from the radiation to the gas, usually quantified by means of the wind performance number η ≡Ṁ v ∞ /(L/c) (withṀ the massloss rate, v ∞ the terminal velocity of the wind, and L the stellar luminosity). For WC and WO stars, η reaches values of around 10 (e.g., Sander et al. 2012; Tramper et al. 2015) , and most WN stars have η close to unity (e.g., Hamann et al. 2006; Hainich et al. 2014 Hainich et al. , 2015 . This indicates that multiple photon scatterings are required to drive the wind.
A good empirical knowledge of the outflow properties during the Wolf-Rayet phase is necessary to understand the mechanism that drives their winds, as well as to provide accurate values to be used in evolutionary models. The mass-loss efficiency in the WR phase strongly impacts the immediate pre-supernova evolution, and determines the predicted type of supernova as well as the type of compact object that is produced. Nugis & Lamers (2000, henceforth NL00) provide an empirical mass-loss prescription for Wolf-Rayet stars as a function of luminosity and surface chemical composition. The NL00 rates are currently implemented in most evolutionary models, either using the separate WN and WC prescriptions (Equations 20 and 21 in NL00, e.g., in the Geneva models; Ekström et al. 2012) or the combined WR presciption (Equation 22 in NL00, e.g., in mesa; Paxton et al. 2011) . However, the mass-loss rates of the oxygen-sequence Wolf-Rayet stars, which have a very low surface helium abundance, cannot be reproduced by the NL00 prescriptions (Tramper et al. 2015) .
In this paper we provide a new prescription for the mass-loss rates of hydrogen-free Wolf-Rayet stars, significantly improving the predictions for the mass-loss rates during the WC and WO phases. The next Section presents the calibration of this new prescription. Its dependence on stellar parameters and the parameter domain in which it is valid is then discussed in Section 3. We summarise our findings in Section 4.
CALIBRATION OF WC AND WO STAR MASS LOSS
The aim of this work is to revisit the prescription of WR mass-loss rates and to obtain a new calibration that is valid over the full parameter space covered by the WC and WO stars. To do this, we assume that the mass-loss rates (Ṁ , in M yr −1 ) of these stars can be described by a relation of the form
This relation is similar to the one of NL00, i.e. the mass loss depends on the stellar luminosity (L) and the surface helium mass fraction (Y ). In the case of the hydrogenfree WR stars, the surface mass-fraction of heavier elements is by definition Z = 1 − Y , and we do not include a separate term for this component 2 . In WC and WO stars, Z is effectively the sum of the high carbon and oxygen abundances, and the contribution from iron-like elements to this mass fraction is small. However, irongroup elements are expected to be the dominant wind drivers even at high carbon and oxygen abundances (e.g., Crowther et al. 2002; Vink & de Koter 2005) . We therefore explicitly include this dependence on the iron mass fraction Z Fe in Equation 1. This ensures that the derived prescription is valid for stars in different metallicity environments. We adopt the solar abundances from Asplund et al. (2009, i .e. Z = 0.014).
We use the parameters of the WC and WO stars listed in Table 1 to derive the coefficients of Equation 1. These stars have been selected using the following criteria: 1) the spectrum was quantitatively analysed using non-LTE 2 Inclusion of a log Z term does not yield a significantly better fit to the data, as verified by an F-test (p(F ) > 0.8). The log Z coefficient is not significantly different from 0. Such a fit further results in larger formal uncertainties in the derived parameters as a result of the strong correlation between Y and Z.
atmosphere models that include line-blanketing and account for wind clumping, and 2) the surface abundances of carbon and oxygen have been modelled in the analysis (i.e. no grid-based analyses where the abundances were fixed). All WC and WO stars in the sample were analysed using cmfgen (Hillier & Miller 1998) , and the WN/WC stars with the Potsdam Wolf-Rayet (powr) code (Gräfener et al. 2002; Hamann & Gräfener 2004 ). The WN/WC stars are included to provide calibration points at high Y values and to increase the sample size. Exclusion of these stars results in an essentially identical fit, but with larger error bars on the coefficients. Two of the Galactic WC stars (WR11 and WR146) are WR+O binaries. While this has been taken into account in the spectroscopic analysis, we note that their properties may be more uncertain.
All mass-loss rates in Table 1 correspond to a volumefilling factor of f c = 0.1, which is typical for Wolf-Rayet stars. The predicted mass-loss rates are thus only valid if the winds of the calibration stars indeed have this volume filling factor, but can easily be scaled to account for other values of f c (usingṀ ∝ f 0.5 c ).
Although not all spectral subtypes are represented, the sample of 21 stars provides a good coverage of the relevant parameter space, i.e. spanning a range of luminosities (4.9 ≤ log (L/L ) ≤ 6.1; Figure 1 ) and surface abundances (0.14 ≤ Y ≤ 0.98; Figure 2 ). Twelve stars are located in the Milky Way (MW, Z Fe = Z Fe, ), and eight in the Large Magellanic Cloud (LMC, Z Fe = 0.5Z Fe, ). The WO star DR1 located in IC1613 provides a valuable third metallicity point at Z Fe = 0.15Z Fe, .
The coefficients of Equation 1 were derived by a linear regression to the data of Table 1 . The resulting mass-loss prescription with 1σ uncertainties on the coefficients is logṀ = −9.20(±0.35 The mass-loss rates that are predicted by the new prescription are compared to the calibration values in Figures 1 and 2 . The figures also show the mass-loss rates predicted by the NL00 prescription (their Equation 22) that is often applied in evolutionary models. The NL00 rates have been scaled with the theoretically predicted metallicity dependence ofṀ ∝ Z 0.66 Fe (Vink & de Koter 2005) .
The mass-loss rates from the new prescription match the calibration values better than the NL00 prescription. The most significant improvement is for the WO stars, where residuals decrease from 0.1-0.5 dex for NL00 to less than 0.05 dex for the new prescription. Over the whole calibration sample, the standard deviation of the mass-loss rates from the new recipe compared to the calibration values is σ = 0.06 dex, versus σ = 0.18 dex for NL00 rates (σ = 0.17 dex for the WC prescription of NL00, their Equation 21). The mean deviation of the mass-loss rates of the new recipe from the calibration values is 10 −4 dex, indicating that there is no systematic offset to higher or lower mass-loss rates. These numbers indicate that the new prescription provides a significant improvement in the prediction of the mass-loss rates of WC and WO stars.
DISCUSSION
In this Section we first compare our results to the sample of single Galactic WC stars from Sander et al. (2012) . Then we discuss the implications of the change in dependencies of the mass-loss rates on luminosity, abundances, and metallicity for the late stages of evolution of massive stars.
3.1. The Galactic WC stars Sander et al. (2012) analysed all known presumed single Galactic WC stars using a grid of models from the Potsdam Wolf-Rayet (powr) code. In the analysis, the surface mass fractions of helium, carbon, and oxygen were fixed to 0.55, 0.45, and 0.05, respectively. This may affect the derived luminosities and mass-loss rates for stars whose abundances deviate significantly from these values. In Figure 3 we compare their results to the predictions from the new mass-loss prescription and those from the NL00 prescriptions.
The four WC stars that are both in the calibration sample and in the Sander et al. (2012) sample are marked in the plot. The considerable offset in luminosity and mass loss for WR90, WR103, and WR135 can be explained by differences in the adopted distances (0.8 kpc versus 1.55 kpc for WR90, 2.4 kpc versus 1.9 kpc for WR103, 1.7 kpc versus 1.4 kpc for WR135). However, the trend of mass-loss rate with luminosity is conserved for these stars (see also discussion below), all of which have helium abundances relatively close to Y = 0.55 (Y = 0.53 for WR90, Y = 0.61 for WR103, and Y = 0.66 for WR135).
For the WC5 star WR111, the distances assumed in both analyses are comparable (1.55 kpc versus 1.6 kpc). Here, the offset between the derived luminosities and mass-loss rates may be a result of the assumed abundances in Sander et al. (2012) , as the helium abundance derived by the detailed modelling is Y = 0.38. If the other early-type WC stars have comparable abundances, this may explain the larger offset of these stars to the predictions from each of the prescriptions (see Figure 3 , WC4 and WC5 subtypes marked with star symbols).
Dependencies and implications
The dependence of the mass-loss rates of hydrogenfree WR stars on luminosity derived in this work (Ṁ ∝ L 0.85±0.06 ) is consistent with those derived for WC stars by NL00 (Ṁ ∝ L 0.84±0.17 , their Equation 21) and Sander et al. (2012,Ṁ ∝ L 0.83±0.11 ). This dependence can naturally be explained by the results of Sander et al. (2012) , who find that the transformed radius is proportional to the temperature squared. For fixed terminal wind velocities (v ∞ ), this relation results in aṀ ∝ L 0.75 dependence. The slightly steeper dependence on L is the result of an increasing v ∞ towards earlier spectral subtypes (see Sander et al. 2012 , for a discussion).
The luminosity dependence of the combined WN+WC prescription of NL00 is much steeper (Ṁ ∝ L
, their Equation 22
). This results in an underprediction of the mass-loss rate for low luminosities, and an overprediction for high luminosities (see Figure 3 ). This effect reaches up to 0.2 dex inṀ for the lowest/highest luminosities. Implemented in stellar evolution models, these modifications in mass-loss properties may impact the surface abundance ratio of carbon and oxygen, which is essential in constraining the elusive 12 C(α, γ) 16 O thermonuclear reaction rate (e.g., Gräfener et al. 1998 ). The NL00 prescription for WN stars also has a much steeper luminosity dependence (Ṁ ∝ L 1.63 , their Equation 21). However, the transformed radius argument given above should hold for these stars, and this high value is likely a result of the very strong dependence on the helium abundance (Ṁ ∝ Y 2.22 ) in this prescription due to the inclusion of hydrogen-containing WN stars.
The largest impact on the late stages of evolution of massive stars comes from the dependence of the mass-loss rate on the surface abundances. The combined NL00 prescription givesṀ ∝ Y 1.29 Z 0.5 . The abundance dependence of the NL00 WC relation is even stronger: M ∝ Y 2.04 Z 1.04 . The strong Y -dependence implies that the mass loss decreases strongly towards the late stages of evolution, an effect that is not in agreement with the derived mass-loss rates of the WO stars. The weakeṙ M ∝ Y 0.44 dependence derived in this work does produce mass-loss rates in agreement with those derived for both the WC and WO stars. This implies that the massloss rates of WC and WO stars are considerably larger towards the later stages of evolution, where the surface helium abundance becomes low (see Figure 2) .
The combined effect of the luminosity and abundance dependencies is that more mass than currently predicted is lost during the last ∼ 40% of the core-helium burning phase and the post-helium burning phase. Implementation in evolutionary models is needed to assess the impact of this extra mass loss on the lifetimes of the WC and WO stars and on the properties of the direct progenitor stars of supernovae. Potential implications are that these properties favour an increased number of type Ic supernovae in either single star or close binary evolution. Our findings may also be relevant for the discussion on the nature of superluminous type Ic supernovae that appear to be associated with faint and metal-poor galaxies (Quimby et al. 2011; Neill et al. 2011; Chomiuk et al. 2011) . Among the scenarios proposed to explain these events (see, e.g., Inserra et al. 2013 , for a discussion) is the interaction of the supernova ejecta with a massive carbon-and oxygen-rich circumstellar medium (Blinnikov & Sorokina 2010) or with the dense wind of the progenitor (Chevalier & Irwin 2011; Ginzburg & Balberg 2012 ). Furthermore, a higher mass loss in the hydrogen-free Wolf-Rayet phase would lead to a decrease in the number of black holes produced.
The metallicity dependence of the mass-loss prescription (Ṁ ∝ Z This weak dependence gives rise to stronger winds for WC and WO stars in low-metallicity environments than currently predicted, in agreement with the high mass-loss rate of the WO star in IC1613. However, the exposure of the deep layers with helium-burning products, necessary to produce WC and WO stars, depends on the massloss history in previous evolutionary stages, where the metallicity dependence of the stellar winds is found to be much higher (Equation 3). Thus, it is harder to form WC and WO type stars in low-metallicity environments, which may not be possible by mass loss through stellar winds alone. Instead, alternative mass-loss mechanisms such as eruptions or mass-transfer to a companion star may be needed. The fact that no WC stars and only two WO stars are known at metallicities below that of the LMC suggests that their formation at low metallicities requires a very specific evolutionary history. However, if these stars do form, we find that their winds are relatively strong for their metallicity.
3.3. Hydrogen-free WN stars To assess in which domain of parameter space the new mass-loss prescription remains valid, we evaluate the predicted mass-loss rates of hydrogen-free WN stars (with X = 0 and Y 0.98) at various metallicities. For the hydrogen-free, presumed single Galactic WN stars analysed by Hamann et al. (2006) , our prescription provides mass-loss rates with an accuracy comparable to the NL00 prescription, i.e. with a standard deviation of 0.2 dex (see Figure 4) . For the presumed-single hydrogen-free WN stars in the Large Magellanic Cloud studied by Hainich et al. (2014) , the mass-loss rates are significantly over-predicted, suggesting that the dependence on initial metallicity of Equation 2 does not hold for WN stars. This is in line with the results from Hainich et al. (2015) , who derive an empirical metallicity dependence for all WN stars (including those with hydrogen) using Galactic, M31, LMC, and Small Magellanic Cloud (SMC) WN stars. They findṀ ∝ Z
1.4
Fe , thus a much stronger dependence on initial metallicity.
To assess if Equation 2 would be valid with a different dependence on initial metallicity, we fit Equation 1 to the results for hydrogen-free WN stars in the Milky Way and LMC from Hamann et al. (2006) and Hainich et al. (2014) , keeping A, B, and C fixed to the values of Equation 2. This approach is motived by the good results for the Galactic hydrogen-free WN stars, where the dependence on initial metallicity drops out. This indicates that the luminosity dependence holds, as, for hydrogenfree WN stars, Y does not vary between stars with the same initial metallicity (e.g., Hamann et al. 2006 ). We find a metallicity dependence ofṀ ∝ Z
1.3±0.2 Fe
, in excellent agreement with the results from Hainich et al. (2015) . Thus, the mass-loss rates of hydrogen-free WN stars can be described as
With this dependence on metallicity, the prescription reproduces the mass-loss rates of the hydrogen-free LMC WN stars with a standard deviation of 0.2 dex and no systematic offset, i.e. with an accuracy comparable to that of the Galactic case (see Figure 4) . A change in metallicity dependence between WN and WC stars is prediced by Vink & de Koter (2005) , who find that in the metallicity range discussed here, the exponent of the Z Fe dependence decreases from 0.86 for hydrogen-poor WN stars to 0.66 for WC stars. However, while the trend is in the right direction, the amplitude of the change in the exponent that reproduces the observations is about a factor of five larger than theory predicts. Combined with the shallow dependence on Y , this likely indicates that as the carbon abundance increases, this element becomes a more important driver of the wind.
We also compared our findings to WN stars that do contain hydrogen in the Galaxy, LMC, and SMC. For the sample of seven SMC WN stars studied by Hainich et al. (2015) , spanning X = 0.2-0.5, our prescription matches the observed mass-loss rates with an accuracy compara- ble to that of the hydrogen-free WN stars in the Galaxy and LMC. However, for the WN stars with hydrogen in the Galaxy and LMC the results are poorer, the more so for sources with higher X.
We conclude that our mass-loss prescription behaves well for hydrogen-free WN stars, provided that the steeper metallicity dependence ofṀ ∝ Z
1.3
Fe is taken into account. For WN stars that have a significant surface hydrogen mass fraction our prescription is less accurate.
SUMMARY
We have presented a new prescription for the massloss rates of hydrogen-free Wolf-Rayet stars as a function of their luminosity, surface abundances, and metallicity. The prescription (Equations 2 and 3) is based on the derived mass-loss rates of WC and WO stars in the Milky Way, Large Magellanic Cloud, and IC1613 galaxies. Equation 2 is valid for hydrogen-free Wolf-Rayet stars with surface helium mass fractions Y 0.98 with a precision of σ = 0.06 dex. Equation 3 is valid for hydrogen-free Wolf-Rayet stars with helium mass fractions Y 0.98, albeit with larger residuals (σ = 0.2 dex, comparable to the NL00 prescriptions). In practice this means that the recipe is valid for all WC and WO stars, and for the hydrogen-free (X = 0) subset of WN stars. Future implementation in evolutionary codes will allow to quantify the impact on the duration of late evolutionary stages, and the nature and properties of the final supernova explosion and compact remnant left behind.
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